Introduction
For patients with HIV-1 infection, the beneficial effect of highly active antiretroviral therapy (HAART) in reducing opportunistic infections is currently attributed to viral suppression and T cell reconstitution. [1] [2] [3] Before HAART introduction, 10% of Pneumocystis carinii pneumonia (PCP) occurred at CD4 > 200 cells/mm 3 . 4 Interestingly, aspecific effects of HIV-1 protease inhibitors (PIs) have been observed in vitro against opportunistic microorganisms like Candida, Pneumocystis and Toxoplasma, and in vivo against Kaposi's sarcoma, a potential additional benefit in those patients who have PIs included in their HAART if data could be confirmed. [5] [6] [7] [8] [9] [10] Observational studies suggested that P. carinii primary and secondary prophylaxis can be safely discontinued when CD4 > 200 cells/mm 3 . However, sporadic PCP has been reported above that threshold. [11] [12] [13] [14] [15] In our ward, we observed three cases of PCP at CD4 > 250 cells/mm 3 in patients receiving non-nucleoside reverse transcriptase inhibitor (nNRTI)-based antiretroviral therapy. We studied the response to non-specific and P. carinii-specific antigens (PcAg) in index cases and control groups by lymphocyte proliferation (LP), since it could be clinically useful to have functional tests for specific immunity to opportunistic agents for HIV-1-related clinical decisions. 16 HIV-1 infection induces changes in CD4 T cell phenotype and repertoire depletion which are not immediately restored by antiretroviral or immuno-based therapies. 17, 18 It has been demonstrated that HIV-1 infection of human macrophages modulates cytokine responses to P. carinii so that a virological dissociation (high viral load with relatively high CD4 cell count under therapy) could provide clinically relevant information not provided by a CD4 count. 
Materials and methods
After informed consent, demographic characteristics (age, sex, HIV-1 risk factors), antiretroviral therapy data (CD4 nadir, drug regimen, duration) were obtained from each patient. Blood was collected for plasma HIV-1-RNA assay, flow cytometry analysis of T cells and LP carried out for 108 enrolled subjects, divided into the following groups:
A) 28 HIV-1-infected patients naive to HAART with documented PCP and CD4 count < 200 cells/mm 3 HAART was defined as a combination of two NRTIs and one protease inhibitor (PI) or nNRTI.
LP assay
After blood collection in EDTA Vacutainer tubes, peripheral blood mononuclear cell (PBMC) separation (FICOLL-Hypaque) was carried out within 4 h of withdrawal. For the LP assay, we used previously published protocols with rat-derived P. carinii antigens and human samples. [20] [21] [22] [23] LP was carried out by measuring [ 3 H]thymidine incorporation after 7 days of culture at 37°C in a 5% CO 2 incubator; 10 5 PBMCs/well were incubated in medium alone (MED) or together with PcAg, FLU, ENV, PHA as antigens in four replicates for each antigen. PcAg was added in a 10:1 ratio of trophozoite/PBMC. On day 6, the wells were pulsed with radioactive thymidine (Amersham) and harvested 18 h later, and the incorporated activity measured as cpm.
P. carinii antigen preparation
Trophozoites were obtained from P. carinii-free Sprague-Dawley rats infected with P. carinii by transtracheal inoculation and expanded onto human embryonic lung (HEL 299 -ATCC CCL137) cells sheeted on microcarrier beads in spinner flasks as previously reported. 24, 25 Pelleted microorganisms were washed twice in PBS, counted on Giemsa-stained calibrated drops and used fresh or thawed after cryopreservation, at a 10:1 ratio of trophozoites/PBMC. To monitor the purity of P. carinii antigens, aliquots were microscopically checked for morphology, and cultured for bacteria and fungi; lipopolysaccharide (LPS) contamination was excluded by Limulus assay (E-toxate; Sigma, Italy). European guidelines for animal experimentation were followed in the animal study.
Other antigens
MED: culture medium, no stimulator, negative control, background values; PHA: phytohaemagglutinin, positive control for mitogenic activity (2.5 µg/mL); ENV: pool of five antigenic peptides from envelope of HIV-1 (25 mM); 26 FLU: influenza virus vaccine prepared with a mixture of A/Taiwan, A/Shangai and B/Victoria (24 mg/mL).
LP assay was carried out twice on each patient, once with fresh PBMC and then, from the same blood sample, with frozen PBMC.
Assessment of clinical and laboratory parameters
The following data were analysed for each HIV-1-infected patient: demographic features, sex, age, risk factor, viral load, absolute counts of CD4, CD8, natural killer (NK) and B cells, and occurrence and type of antiretroviral therapy. For patients with PCP, microscopically diagnosed by bronchoalveolar lavage (BAL) after standard bronchoscopy, data were collected during the overt disease. CD4 count nadir and duration of HAART were also recorded in immune-reconstituted patients.
Informed consent was obtained from all patients and healthy controls involved in the study, according to European guidelines for good clinical practice.
Evaluation of results and statistical analysis
After verification of Gaussian distribution, statistics (two-tailed t-test with P < 0.05) were carried out both on LP data (crude cpm to each antigen minus noise background) and stimulation index (SI), defined as the ratio of median counts per minute of quadruplicate culture with antigen to the median counts per minute in culture medium alone without antigen for PHA, ENV, FLU and PcAg in groups A, B, C and D. A two-tailed t-test with P < 0.05 was also carried out after stratification of immunereconstituted patients (group C) into two groups (receiving PI-based or nNRTI-based HAART) in order to assess differences in age, CD4 nadir count, therapy duration, actual flow cytometry subsets, viral load, occurrence of opportunistic events, and results of LP to different antigens.
Results
The main clinical features of subjects enrolled in the study with flow cytometry subset data are reported in Table 1 .
HIV-1-infected patients were more often male than healthy controls (80.9% versus 35.7%, respectively); group A was entirely composed of AIDS presenters with PCP as defining illness at the first positive HIV-1 test; group B had a mean CD4 count number of 459.4 cells/mm 3 with a median HIV-1 RNA of 4.3 log 10 , whereas group C was mainly characterized by HIV-1 RNA < 50 copies/mL in most patients (75%). Viral load was significantly greater in group A than in groups B and C, with statistical differences between patients receiving different HAART regimens (P = 0.003): virological suppression was achieved in 54.5% of patients under nNRTI and in 78.1% of patients receiving PIs.
Mean baseline CD4 count before starting HAART (nadir) in immune-reconstituted patients was 73.8 (S.D. 64.7) with an increase in CD4 count of 389.7 (S.D. 151.1) cells after 23.9 months of therapy, without statistically relevant differences between PI-based versus PIsparing antiretroviral regimens. Table 2 shows the characteristics and lymphocyte proliferation responses of 43 immune-reconstituted patients treated with PI-based or nNRTI-based antiretroviral therapy. One immune-reconstituted patient receiving both nevirapine and indinavir was not included in the statistical analysis. After stratification of immune-reconstituted patients according to therapy (PI versus nNRTI regimens) no differences were seen for CD4 nadir, HAART duration, or actual CD4, CD8, NK or B cell counts. Table 3 summarizes the results of statistical analysis of LP with different antigens in groups A, B, C and D carried out on cpm minus background noise. Statistical differences were also confirmed when data were analysed by SIs (data not shown). LP to PHA was significantly different in group A versus groups B, C and D (P = 0.03, P = 0.02 and P < 0.001, respectively). Similar results were assessed in LP to influenza antigens whereas for ENV (pool of soluble HIV-1 peptide antigens), the only statistically significant LP differences were seen between HIV-1-infected versus uninfected controls (A versus D and C versus D, P = 0.001 and 0.04, respectively).
Spinner flasks provided 3-5 × 10 9 P. carinii trophozoites almost completely free (<1%) from feeder host cells and LPS contamination, as assessed by Limulus assay (LPS < 1.25 ng/10 6 trophozoites). 24 Rat-derived microorganisms were suitable as P. carinii antigen (PcAg) in LP. Statistically relevant differences were confirmed both in raw data (cpm), after subtraction of background noise (PcAg cpm-MED cpm) and SI calculation (PcAg cpm/MED cpm).
LP to PcAg in group D was different from all HIV-1-infected patients (P < 0.001 in D versus A, B and C). Group A had a very low LP, statistically different to group B (P < 0.001) and group C (P = 0.00012). Group C showed an LP to PcAg similar to that of group B (P = 0.28). We established as arbitrary cut-off of 'safeness for PCP' as the 25th percentile of Pc-specific LP values detected in naïve asymptomatic HIV-1-infected patients, since all PCP patients had an LP value below this threshold. Conversely, all healthy controls and 70% of group C had a value above the same value ( Figure 1 ).
In total, 30% of immune-reconstituted patients (group C) showed a lymphoproliferative response to PcAg similar to group A (P = 0.16), that is below the arbitrary cut-off chosen as 'PCP protective', without differences between PI-treated and PI-sparing regimens. Three subjects developed PCP despite having CD4 > 250 cells/mm 3 : they were receiving nNRTI-based HAART (two nevirapine, one efavirenz) for a mean duration of 18 months. Two-thirds of patients had a viral load >5000 copies/mL, whereas one patient had HIV-1 RNA < 50 copies/mL. After stratification of immune-reconstituted patients according to antiretroviral drug regimens, no statistically significant difference was seen in LP with ENV, PHA and FLU antigens between PI-treated and nNRTI-treated patients. There were no statistically significant differences in LP responses to each antigen or in therapy duration in suppressed versus non-suppressed patients.
Discussion
In vitro studies have documented reacquisition of lymphocyte proliferative response to specific mitogens under HAART. [27] [28] [29] [30] We confirmed that statistically significant differences exist in capability of responding to Pneumocystis, PHA and influenza antigens among HIV-1 patients, and that this phenomenon increases with higher CD4 counts. Our study showed that specific immune reconstitution against P. carinii occurred in 70% of patients with CD4 counts > 200 cells/mm 3 , after HAART of 23.9 months duration. Three patients among 30% immune-reconstituted subjects who exhibited abnormally low LP to PcAg developed overt PCP although CD4 > 250 cells/mm 3 and they were all receiving PI-sparing HAART. Sporadic PCP occurs in patients with CD4 counts above the threshold used to consider both instituting and discontinuing prophylaxis, but this is the first demonstration of a direct relationship between an in vitro specific abnormal LP to P. carinii and a clinically related opportunistic event. 13-15, 31 Pneumocystis has host-related species-specificity, however, rat-derived trophozoites are suitable as PcAg to be used for in vitro LP with human PBMC. 21,22, 32 The P. carinii antigenic moieties involved are unknown, but immunofluorescence and western blot studies have shown that organisms derived from different hosts possess both shared and species-specific antigenic determinants. [33] [34] [35] Whole, washed, LPS-free trophozoites are particularly suitable for LP since it has been demonstrated that the effect of P. carinii on cytokine release required cell-organism contact: this may explain why human-derived recombinant antigens were only able to partially mimic the effect of intact organisms. 19 Correlation between the extent of PcAg LP and stratification of patients according to CD4 counts confirmed that lymphocytes play a pivotal role in the orchestration of resistance to P. carinii. 36, 37 Despite having CD4 > 250 cells/mm 3 , the expected immune reconstitution was not achieved in three subjects under HAART who developed PCP. A protective host response against P. carinii probably involves the participation of functional CD4 lymphocytes, alveolar macrophages, and cytokines such as interleukin 1β (IL1β) and tumour necrosis factor α (TNFα) secretion. [38] [39] [40] [41] The modulation of cytokine production may be abnormal in the AIDS setting: it has been demonstrated that HIV-1 infection of human macrophages decreases the level of IL1β and TNFα when exposed to P. carinii. 19 It has recently been demonstrated that a high level of HIV-1 replication directly impairs the proliferative response of HIV-reactive cells, whereas proliferation responses to other antigens are comparable in treated and untreated patients when controlled for circulating CD4 cell counts. 18 Two-thirds of cases of PCP with relatively high CD4 number under nNRTI-based HAART may have reflected this modulation as suggested by high viral load, but in one case the HIV-1 RNA was <50 copies/mL. We previously detected antipneumocystic activity of various PIs in vitro whereas other authors did not confirm this observation in an animal model using a different scoring system. 42, 43 However, a partial, aspecific but clinically protective effect against P. carinii could be hypothesized for immune-reconstituted patients receiving PIs in their HAART regimens, since no patient with abnormally low Pc-specific LP receiving PIs developed PCP, although prophylaxis was stopped. In addition to the possible effect on opportunistic microorganisms, interesting studies demonstrated a nonvirological possible modulation of host cell proteasome activity by ritonavir. Recently published studies suggest that subtle differences in immune restoration may exist after PI-based versus PI-sparing HAART, despite comparable degrees of viral suppression. 44, 45 Clinical studies have already analysed patterns of T cell repopulation, virus load reduction and restoration of T cell function in HIV-1-infected persons during therapy with different antiretroviral agents. [46] [47] [48] In our study, three cases of PCP in patients with CD4 > 250 cells/mm 3 occurred in nNRTI-containing HAART regimens. Among 44 immune-reconstituted patients, after stratification accord- ing to therapy, we found a similar LP without statistically relevant differences in PI-containing versus nNRTI-containing associations. A specific PcAg LP could be considered for doubtful situations (i.e. patients starting HAART with low CD4 nadir), for a safer clinical decision on discontinuing prophylaxis. In our study, the 25th percentile of the median value of LP to P. carinii of asymptomatic HIV-1 patients naive to HAART is proposed as a 'cut-off' value to discriminate among immune-reconstituted patients those who, showing lower values, could be at risk of developing PCP although having a CD4 count above the threshold, since all PCP patients with CD4 < 200 cells/mm 3 had an LP value below this value and all healthy controls, and 70% of group C had an LP value above the same value. This value is also consistent with the observation that 10% of PCP are seen in HIV-1 patients with CD4 > 200 cells/mm 3 naive to antiretroviral therapy.
Our in vitro data confirm the clinical observation that certain HIV-1-infected patients retain a relative immunodeficiency that is not reflected in the CD4 cell counts, and are at risk of developing opportunistic events. 27, 45 This observation reinforces the idea that CD4 count and T helper (TH) cell function are independent variables. Thus, TH dysfunction may be observed in HIV-1-seropositive asymptomatic individuals even before a critical decline in CD4 count. 49 These data also confirm that restoration of the ability to produce IL-2 upon antigen stimulation can be observed independently of dramatic changes in CD4 counts in HIV-1-seropositive individuals undergoing therapy. 26, 47 Such a refined measure of specific immunity, as LP to P. carinii antigen, is not hereby proposed as a routine test since it requires further prospective validation on a wider cohort. However, if validated, it could be clinically useful when focused on patients starting HAART with a very low CD4 nadir or experiencing a sudden decrease in CD4 count, for a safer decision on discontinuing or restarting therapy. 50 A further application would be the discrimination of differences in immune reconstitution among patients receiving different HAART, i.e. PI-versus nNRTI-containing regimens, in addition to clinical follow up for opportunistic events. 
